The complete nucleotide sequence of the 5936 bp cryptic plasmid pFAJ2600 from Rhodococcus erythropolis N186/21 was determined. Based on the characteristics of its putative replication genes, mpA and mpB, pFAJ2600 was assigned to the family of pAL50OO-relatd small replicons identified in Mycobacterium (pAL5000), CorynebaCterium (pXZ10142), Brevibacterium (pRBLI), Bifidobacterium (pMB1) and Neisseria (pJD1). The replication systems of these plasmids show striking similarities to the ones used by the ColE2 family of plasmids from Enterobacteria with respect to both trans-acting factors and ori sequences. Two possible plasmid stabilization systems are encoded on pFAJ2600: a site-specific recombinase (PmrA) related to the Escherichia coli Xer proteins for plasmid multimer resolution and an ATPase (ParA) related to the A-type of proteins in soplpar partitioning systems. The proposed replication termination region of pFAJ2600 has features in common with the Ter loci of Bacillus subtilis. Chimeras composed of a pUC18-Cmr derivative inserted in the parA-repA intergenic region of vector pFAJ2600 produced vectors that could be shuttled between Escherichia coli and several Rhodococcus species (R. erythropolis, R. fascians, R. rhodochrous, R. fuber). The pFAJ2600-based shuttle vector pFAJ2574 was stably maintained in R. erythropolis and R. fascians growing under nonlrelective conditions. Department Of
INTRODUCTION
Bacteria from the genus Rhodococcus display a remarkable versatility with respect to biodegradation or biotransformation of organic compounds (reviewed by Warhurst & Fewson, 1994) . A major factor limiting the exploration of this potential for (environmental) biotechnology, undoubtedly is the lack of appropriate genetic tools (Finnerty, 1992) . In recent years, a limited number of Escherichia coli-Rhodococcus shuttle vectors have been developed, by using replication regions contained on indigenous Rhodococcus plasmids.
R. DE M O T and OTHERS
160 kb plasmid pRF2 which confers chloramphenicol and cadmium resistance on R. fascians NCPPB 1675 (Desomer et al., 1990 . These vectors can also be maintained in R. erythropolis IGTS8, a strain capable of dibenzothiophene desulfurization (Denome et al., 1993 ; Piddington et al., 1995; Li et al., 1996) .
Stably maintained chimeras consisting of an unstable rhodococcal element joined to a portion of nocardiophage 4 4 have been developed into suitable shuttle vectors such as pDA71 (Dabbs et al., 1990 (Dabbs et al., ,1995 Quan & Dabbs, 1993) . Plasmids of this type have enabled cloning of genes involved in decolorization of sulfonated azo dyes (Heiss et al., 1992) , degradation of herbicides (Nagy et al., 1995a, b) and isopropylbenzene (Kesseler et al., 1996) , and of a rifampicin inactivation gene (Andersen et al., 1997) . The rather narrow host range of the currently known shuttle vectors limits their use to only a few Rhodococcus species. The molecular basis for this is unknown since no attempts have yet been made to characterize the respective rhodococcal DNA fragments responsible for stable maintenance of the various shuttle vectors. Here we describe the isolation of a cryptic 6 kb plasmid (pFA 52600) from R. erythropolis NI86/21 and report its complete nucleotide sequence. Analysis of these data revealed putative regions involved in replication, partitioning and multimer resolution. The replicon was used to construct shuttle vectors that could be stably maintained in at least R. erythropolis, R. fascians, R. rhodochrous and R. ruber.
METHODS
Bacterial strains and growth conditions. Escherichia cofi DH5a served as a host for plasmid DNA manipulations and was grown at 37 "C in LB medium. The same medium was used to grow the following actinomycete strains at 30 "C: R. erythropolis NI86/21 and SQ1, R. fascians D188-5, R. rhodochrous N54, R. ruber N361, Dietzia (Rhodococcus) rnaris N1015 (Nagy et af., 1995b) and Mycobacterium srnegrnatis mc2155 (Snapper et af., 1990) .
Isolation of plasmid DNA from Rhodococcus strains.
Ampicillin (0.6 mg ml-l final concentration) was added to cells grown to an OD,,, of 0-6-1.0 in 5 ml LB medium and the cells were further incubated for 2-3 h. The cells were then collected by centrifugation, washed with 1 ml50 mM Tris/HCl buffer, pH 7.2, and incubated for 30 min at 37 "C in 0.25 ml TE buffer (10 mM Tris/HCl, pH 8-0,l mM EDTA) supplemented with 2 mg lysozyme ml-'. Complete lysis of the weakened cells was achieved by adding 25 p110 '/o (w/v) SDS and 60 p15 M NaC1. The lysate was kept at -20 "C for 1 h and then centrifuged (12000 g) for 15 min at 4 "C. RNA and proteins were removed from the supernatant by sequential treatment with RNase A (200 pg ml-l) and proteinase K (50 pg ml-l) for 15 min at 37 "C. Further purification consisted of standard chloroform/ isoamylalcohol extraction (twice) and ethanol precipitation steps. Plasmid DNA was dissolved in 50 pl TE buffer. Sequence analysis of pFAJ2600. To determine the complete nucleotide sequence of plasmid pFA 52600 on both strands, overlapping fragments were subcloned in pUC18 and subjected to double stranded DNA sequencing using the automated ALF sequencer (Pharmacia). Computer-assisted sequence assembly and analyses were performed with the PCGENE software package (IntelliGenetics). Potential coding regions were identified with the GCWIND program (Shields et af., 1992) . For homology searches, the FASTA and BLAST servers were used.
Construction of E. co/idhodococcus shuttle vectors. The chloramphenicol resistance marker of plasmid pDA71 (Dabbs et af., 1995) was isolated as a 1.8 kb BbrPI-StuI fragment and cloned in the SmaI site of pUC18. This pUC derivative (pFAJ2576) and pFAJ2600 were both digested with either HindIII or Ed13611 (unique sites in both vectors), ligated and used to transform E. cofi DH5a. For both types of chimeras, the two possible orientations were selected by PCR and restriction analysis : pFA 52573 and pFA 52574 for the HindIIIjoined replicons, and pFAJ2577 and pFAJ2578 for the E d 13611-joined replicons.
Segregational plasmid stability. Rhodococcus cells containing pFAJ2574 were first grown in selective liquid medium (LB containing 40 pg chloramphenicol ml-l) . The late-exponential growth phase cells were diluted 100-fold in LB medium without the antibiotic and grown at 30 "C. At 24 h intervals, cultures were diluted 100-fold. At each dilution step, the cells were plated on LB medium to estimate the number of generations. From these plates, 100 colonies each were transferred to non-selective plates. Following growth, each colony was put on selective medium to determine the frequency of plasmid loss based on the percentage of chloramphenicol-sensitive colonies.
RESULTS AND DISCUSSION

Plasmid pFAJ2600 of R. erythropolis N186/21
The plasmid profile of R. erythropolis NI86/21 revealed the presence of a small and a very large plasmid (data not shown). The complete nucleotide sequence (5936 bp) was determined for the small replicon (pFAJ2600). Eight potential ORFs were identified ( Fig.  la) and their characteristics are compiled in Table 1 . The overlap of the start codon of orf4 with the stop codon of parA (GTGA) suggests their translational coupling. Such coupling is also inferred from the lack of intergenic region between repA and repB (TAAATG) . Two potential stem-loop structures that may be involved in transcriptional termination were detected downstream of orf4 (stem length of 12 bp) and between pmrA and orfl (stem length of 15 with 1 mismatch) (Fig.   la) . The replicon has a G + C content of 60.8 YO but base composition is not evenly distributed along the plasmid.
The segment carrying parA-orfl contains 64.9 YO G + C whereas a value of 59.1 % was calculated for the region spanning orf3-repB (Fig. la) . These segments are separated by short regions of particularly low G + C content: 49.2% G + C between orf3 and parA and 46.6% between repB and orfl. The orf2-proximal segment has a G + C content of 7101% and contains 11 repeats of a CGCC core sequence (Fig. la) .
Replication genes in pFAJ2600
The RepA and RepB deduced protein sequences are related to the products of similarly organized genes in a number of small cryptic plasmids from various actino- mycetes (Fig. 2) . For pMBl (Rossi et al., 1996) and pAL5000 (Stolt & Stoker, 1996a) it has been demonstrated that both repA and repB are required for replication. Our database searches also revealed significant homology with the products of two tandem genes located on the pJDl plasmid from Neisseria gonorrhoeae (Korch et al., 1985) . The alignment of the different RepA sequences (Fig. 2a) revealed the highest identity (32.5 YO) of the pFAJ2600-encoded protein with the pAL.5000 gene product. RepA from pFA 52600 and its counterparts on the other actinomycete plasmids, as well as on pJD1, are all related to the Rep proteins encoded by the enterobacterial ColE2-type plasmids (Hiraga et al., 1994) and to the Rep homologue on the Thiobacillus intermedius plasmid pTiK12 (English et al., 1995) . For instance, the alignment of the Rep protein encoded by ColE3-CA38 with RepA of pFAJ2600 revealed 241 Yo identical residues (alignment not shown).
When comparing pFAJ2600 RepB with the different known RepB proteins, the best alignment was obtained with the pXZ10142-encoded protein (31.0 % identity). Using the method of Dodd & Egan (1990) , two regions with a helix-turn-helix motif were predicted in both of these RepB proteins (Fig. 2b ). However, with this method only a single N-terminal DNA-binding motif was detected in RepB proteins from pMB1, pAL5000 and p JD1. Rauzier et al. (1988) proposed the C-terminal region of pAL.5000 RepB as a putative DNA-binding domain. Actually, this region corresponds to the second proposed helix-turn-helix motif in the Rhodococcus and Corynebacterium RepB proteins. Furthermore, we noticed that the equivalent pJDl RepB domain contains a sequence highly similar to a C-terminal motif in ColE2-related Rep proteins, which has been proposed as a DNA-binding site (Hiraga et al., 1994) (Fig. 2b ). These observations suggest the existence of two DNA-binding domains in the RepB proteins. In this respect, RepB resembles the C-terminal domain of ColE2 Rep which carries two regions, about 30 residues apart, involved in binding to the origin of replication (Shinohara & Itoh, 1996) . Unlike the first motif, the second motif does not display sequence conservation between the different RepB proteins and may therefore be important for specificity in binding.
The significant similarity of the RepA proteins with the ColE2-type of Rep proteins suggests that RepA may also act as a plasmid-specific primase which synthesizes a unique RNA primer . The ColE2-type of Rep proteins contain two regions close to the C terminus that are determinants of specificity for the interaction of the initiator with the origin. We have not been able to identify a possible DNA-binding region in the different RepA proteins. This is consistent with the inability to demonstrate DNA binding for the pAL5OO0-encoded RepA protein (Stolt & Stoker, 1996b) . The RepB protein of pAL5000, however, binds specifically to two DNA segments only 37 bp apart and located in the region upstream of repA (Stolt & Stoker, 1996b) . Actually, we predict two putative DNA-binding motifs in the RepB proteins. These observations suggest that RepA (primase) and RepB (DNA-binding protein) act together when initiating DNA replication, in a way similar to Rep proteins of ColE2 plasmids which possess both activities. PmrA, a putative site-specific recombinase of the il i nteg rase family Plasmid pFAJ2600 carries an ORF encoding a putative new member of the A integrase family, tentatively named PmrA (plasmid multimer resolution protein A), reflecting its proposed function in pFA 52600 maintenance. PmrA contains the characteristic RHRY tetrad involved in catalytic activity of this type of recombinase (Fig. 3) . The extent of homology of PmrA with A integrase-like proteins is low, but such low sequence conservation is a feature of this protein family (Stark et al., 1992) . Among the well-characterized enzymes of this family, the closest relative is the chromosomally encoded XerD of E. coli (298 residues; 20 YO identity). XerD, in concert with its homologue XerC, is required for sitespecific recombination at chromosomal (dif) and plasmid sites (like cer in ColE1) (Colloms et al., 1990; Blakely et al., 1993 Blakely et al., ,1997 . Xer recombination on natural plasmids is preferentially intramolecular, converting multimers to monomers (Blake et al., 1997) . Plasmid multimer resolution contributes to plasmid stability by maximizing the number of independently segregating units at division (Williams & Thomas, 1992) . Several site-specific recombinases are encoded by plasmids of low-G + C Gram-positive bacteria, but these enzymes belong to the Tn3 family of site-specific recombinases (reviewed by Alonso et al., 1996) . T o our knowledge, no plasmid stabilization system relying on the activity of a A integrase-type of site-specific recombinase has been described previously in actinomycetes.
The most pronounced homology detected for PmrA was with ORF5 (=YT23) encoded by the Streptomyces fradiae transposon Tn4556 (Siemieniak et al., 1990) . We noticed that the homology extends into the upstream region of this ORF, disregarding a TAG stop codon (Fig.  3) . The deduced polypeptide of 324 residues is very similar in length to PmrA (306 residues; 34.9 YO identity) and to the Xer proteins (298 residues). The transposition activity of Tn4.556 is not affected by interruption or deletion of YT23 (Siemieniak et al., 1990; Sohaskey et al., 1992) . Indirect evidence suggesting that the PmrArelated protein may be involved in plasmid stabilization stems from the observations that insertion of this transposon into unstable plasmids generated stable plasmids (Chung, 1987) .
Homology of ParA with partitioning proteins
Sequence comparisons with ParA revealed significant homology with a family of ATPases involved in active partitioning of various bacterial plasmids (MotalebbiVeshareh et al., 1990) , in which three motifs are particularly well conserved (Koonin, 1993) . The motif close to the N termini of these A-type of Sop/Par partitioning proteins (Williams & Thomas, 1992) constitutes a modified NTP binding motif, KGGXXK [S,T] (Koonin, 1993) , which is also present in ParA of pFA 52600 (Fig. 4) . Additional plasmid-encoded members of this ATPase family have been reported in Rhizobium leguminosarum (Turner & Young, 1995) and Ralstonia eutropha (Alcaligenes eutrophus) (Taghavi et al., 1996) . Among actinomycetes, such plasmid-encoded ATPase has only been reported on the small linear plasmid pSCLl from Streptomyces clavuligerus (Wu & Roy, 1993) . The best alignment was obtained with the small IncC protein (21.6% identity; Fig. 4 ). These plasmid partitioning proteins are related to proteins that are encoded in the replication region of various bacterial chromosomes (Ogasawara & Yoshikawa, 1992; Fsihi et al., 1996) . As shown in Fig. 4 , the ParA from pFAJ2600 aligned somewhat better with the Bacillus subtilis chromosomal ATPase, Soj (26.9 '/O identity), than with IncC from the broad-host-range plasmid RK2.
Active plasmid partitioning minimizes the frequency of plasmid-free cells arising (Williams & Thomas, 1992) . 
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The putative rhodococcal partitioning system resembles the 'simple' systems, consisting of only an A-type of protein (such as ParA of the Agrobacterium pTAR plasmid), and a cis-acting site (upstream repeat region in the case of pTAR ParA) (Gallie & Kado, 1987) . A putative ParA-only system appears also to be present on the linear plasmid pSCLl from S . clavuligerus (Wu & Roy, 1993) and on the PAD1 plasmid from Enterococcus faecalis (Weaver et al., 1993). The upstream region of parA in pFA 52600 displays a peculiar structural organization with two long imperfect direct repeats (66 and 67 bp), one of which contains a 36 bp perfect palindromic sequence (Fig. Sa) . This part of pFAJ2600 may provide the cis-acting partitioning site and/or be involved in negative parA autoregulation. This type of regulation involving the A component is frequently found in the soplpar partitioning systems (Williams & Thomas, 1992; Hiraga, 1992) . plasmids is included (Hiraga et a/., 1994) and the primer RNA (5' ppApGpA) for leading strand synthesis (arrow) is marked (***) . Positions where the 15 bp consensus sequence matches the ColE2 ori sequence are marked (+). (c) Alignment of the two pFAJ2600 inverted repeat sequences resembling the replication terminator sequences of B. subtilis. The numbering is as in Fig. l(a) . Identical nucleotides are indicated (=). The consensus DNA sequence (RTP box) within the B. subtilis terminator regions, involved in binding to the replication terminator protein (RTP), was deduced from eight chromosomal Ter sites (Franks et a/., 1995) and one plasmid (pLS20) terminator (Meijer et a/., 1996) .
Nucleotides matching this consensus sequence are marked (+) in each of the two repeats. Dots correspond to gaps introduced in the pFAJ2600 sequence to optimize alignment with the B. subtilis terminator consensus sequence.
Putative ori in pAL5000-related plasmids
When comparing the putative promoter regions of the repAB genes from the pAL5000-related plasmids, the sequence conservation of a 15 bp element located within approximately 100 bp of the repA start was noticed (Fig.   Sb ). Whereas such a motif occurs only once in the plasmids from Mycobacterium, Brevibacterium and Neisseria, three such sequences are present in the 5' region of repA from pFA 52600, only one being in the same orientation as in the previous plasmids (Fig. la) . In the Corynebacterium plasmid a second copy of the motif was also detected in the 3' region of rep& but located on the opposite strand (Fig. 5b) . Remarkably, in pALS000 this 15 bp sequence is positioned right between the RepB binding sites that were identified by Stolt & Stoker (1996b) . We noticed that this sequence resembles the ori region of ColE2 plasmids (Hiraga et al., 1994) . During replication of these plasmids, unidirectional leading strand synthesis is initiated at this site following synthesis of a specific primer by the DNA-bound Rep proteins .
A B. subtilis Ter-like region in pFAl2600
Between repB and orfl, a 50 bp sequence and a 49 bp sequence are organized as an imperfect inverted repeat (79.6% match), separated by 154 bp (Fig. 5c ). The repeats are characterized by a higher than average proportion of A + T (64 and 61 '/o, respectively). This structural feature is reminiscent of the organization of the chromosomal replication termination sites with IR-I and IR-I1 of B. subtilis (Baker, 1995) . These inverted repeats of 47 and 48 bp, respectively, are 59 bp apart and share 77 % identical nucleotides (Hill, 1992) . In addition to this structural similarity, significant sequence similarity was found with the 30 bp sequence that constitutes the contact region for B. subtilis replication terminator protein, as outlined in Fig. S(c) . These striking similarities suggest that this pFAJ2600 region may be involved in termination of plasmid replication.
E. coli-Rhodococcus shuttle vectors based on pFAJ2600
It was inferred from the sequence analysis of pFAJ2600 that certain regions of the plasmid may be dispensable for stable maintenance in Rhodococcus. Unique sites located in orf2 (HindIII) and in the high-G+C region downstream of orf2 (Ec113611) were therefore selected to construct potential shuttle vectors by generating chimeras of pFAJ2600 and pUC18. T o provide a marker gene selectable in Rhodococcus, the chloramphenicol resistance gene of plasmid pDA71 was selected. This chloramphenicol resistance determinant, which originates from an unstable genetic element of R. rhodochrous ATCC 12674 (Quan & Dabbs, 1993) , was further sequenced. Our sequence data revealed a gene, cmrA, with 77.0% identity to the R. fascians cmr gene that encodes a membrane-bound chloramphenicol efflux system (Desomer et al., 1992) . This is consistent with the non-enzymic type of chloramphenicol resistance for the pDA71 determinant reported by Quan & Dabbs (1993) . The deduced amino acid sequence of CmrA shares 85.7% identity with R. fascians Cmr. The higher sequence conservation at protein level compared to DNA level reflects the significantly different G + C content of cmrA (66.2%) and cmr (61.1 YO).
The cmrA-containing pDA71 fragment was first introduced into pUC18. Then, the resulting E. coli replicon was joined to pFAJ2600, using their unique HindIII or Ed13611 sites. For each type of fused replicon, two variants differing in relative orientation of the fused fragments were obtained : pFA J2573/pFA 52574 with Orf2 interrupted at the HindIII site and pFAJ2577/ pFAJ2578 with the pUC18 derivative inserted in the G + C-rich region (Ecll36II site). The gene organization of pFAJ2574 is shown in Fig. l(b) . Introduction of the putative shuttle vector pFA 52574 in R. erythropolis SQ1, R. fascians D188-5, R. rhodochrous NS4, R. rube7 N361, D. maris NlOlS, and M . smegmatis mc2155 was attempted using electroporation (Desomer et al., 1990) . By colony hybridization with the entire pFA 52600 plasmid as probe, the absence of a closely related plasmid in these strains had been previously confirmed. Transformants were selected using chloramphenicol (40 pg ml-l) and obtained with R. erythropolis SQ1
[lo4 (pg plasmid DNA)-l], R. fascians (lo2 pg-l), R. rhodochrous (< 10 pg-l) and R. rube7 ( < 10 pg-l). Similar efficiencies were obtained when the related constructs pFA 52573, pFA 52577 and pFA 52578 were used to electrotransform R. erythropolis SQ1. Successful transformation was not achieved with M . smegmatis and D. maris, but no attempts were made to optimize electroporation conditions for individual strains. pFAJ2574 was reisolated from a number of randomly selected colonies for the four Rhodococcus species and reintroduced in E. coli DH5a. The integrity of the shuttle vector was confirmed by restriction analysis, indicating that no rearrangements or deletions had taken place during the sequential passages in E. coli and Rhodococcus cells. These data showed that the parA-repA intergenic region is not required for plasmid maintenance in Rhodococcus.
The segregational stability of pFA 52574 under nonselective conditions differed depending on the host strain used (Fig. 6 ). The shuttle vector was quite stable in both R. erythropolis SQ1 and R. fascians D188-5. A moderate stability was observed in R. rhodochrous N54, with about 70% plasmid loss after 60 generations. Similar plasmid loss rates (1-1.5 % per generation) have been reported for plasmid pMVS301 in Rhodococcus sp. strain AS-50-1 (Vogt Singer & Finnerty, 1988) and plasmid pK4 in R. rhodochrous ATCC 12674 (Hashimoto et al., 1992) . In R. rube7 N361 grown under non-selective conditions, pFA J2574 was lost at a considerably higher rate (Fig. 6) . Evidently, such plasmid stability data should be interpreted with care since Rhodococcus species display different morphological stages during their growth cycle. Depending on the species, the extent of differentiation ranges from elementary branching (as observed for R. erythropolis in this study) to production of hyphae-like structures. Later these structures fragment into rods and cocci. Since colony formation may thus occur from more than one cell, this could lead to overestimating plasmid stability. On the other hand it should be pointed out that our estimation of the plasmid-retaining subpopulation was carried out after two passages on non-selective LB plates, which tends to underestimate somewhat the actual plasmid stability. The stable maintenance of the pFAJ2600 derivatives in R. erythropolis (and R. fuscians) is in line with our failure to cure pFAJ2600 from strain NI86/21. The reduced plasmid stability observed in two other species probably reflects in part the involvement of host-encoded proteins in plasmid replication (initiation, termination) and partitioning. For instance, for the pAL.5000-based replicons there are indications of a requirement for mycobacterial DNA polymerase I to initiate DNA synthesis (Stolt & Stoker, 1996b) .
